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1
Effective signal timing plan for emergency evacuation is very crucial for public safety. Two 2 conflicting objectives of emergency evacuation in a corridor are to increase throughput on the 3 main street (evacuation route) and decrease delay on side streets. Some studies have proven the 4 effectiveness of the static flashing yellow (SFY) signal timing plan in evacuating high number of 5 vehicles [1] . However, SFY plan also yields extremely high delay on side streets. This paper 6 investigates a variant of the SFY plan called dynamic flashing yellow (DFY) signal timing plan 7 under a few reasonable assumptions. DFY plan basically consists of two signal phases. Phase 1 8 is flashing yellow on the main street and flashing red on the side street, whereas phase 2 is red 9 signal on the main street and green signal on the side street. Three different types of the DFY 10 plan are proposed, including Fixed DFY (DFY-F), Actuated DFY (DFY-A) and Actuated and 11
Coordinated DFY (DFY-AC). This paper demonstrates that DFY provides a high volume of 12 evacuated vehicles with relatively low delay to side street traffic. Moreover, the proposed DFY is 13 adjustable to favor different weights between network throughput and average delay. To 14 compare DFY with SFY and PM peak plan, VISSIM is implemented to model a 4.1 mile 15 corridor in Buffalo, NY. The DFY plan is further analyzed under different methods and minimal 16 cycle lengths. According to Pareto frontier, it is realized that DFY-AC with minimal cycle length 17 of 60 seconds and 120 seconds produces more desirable results (Pareto non-dominated solutions) 18 than others. 19
Introduction
Evacuation is defined as the immediate, urgent and collective movement of people and their 1 mode of transport used from a hazard or potential hazard [2] . Emergency evacuations lead to a 2 sharp increase in traffic demand within a short time on the main streets. There are likely to be 3 massive congestions, driver frustration and possible accidents on the main streets due to the high 4 influx of vehicles on them. Fully utilizing existing road capacity for traffic can improve the 5 efficiency of the emergency evacuation process. One way of increasing the capacity of the main 6 street is changing the signal timing by giving majority of the green time to the main street [3] . 7
Due to the no-notice nature of some emergency evacuations, it is desirable to have emergency 8 signal timing plans that can be quickly and easily implemented. Emergency signal timing plans 9 are necessary since intersections are the cause of most traffic delays in regional evacuations [4] . 10 Reducing intersection delay and maximizing network throughput is the main goal of emergency 11 evacuations. It is expected that optimizing traffic signals for evacuation demand will increase 12 the number of evacuated vehicles and also reduce the delay on side street traffic. 13 14
Flashing yellow (FY), which flashes yellow on the main evacuation approach, and flashes red on 15 the side street, is a very effective way to evacuate vehicles out of the area where emergency 16 events occur [1] . FY usually allows larger intersection throughputs than traditional green and red 17 signals. In this approach, priority is given to traffic on the evacuation arterial to achieve a 18 continuous flow, allowing the majority of roadway capacity to be assigned to the main street. A 19 drawback of this approach, indicated as static flashing yellow (SFY) in the rest of paper, is that 20 extremely long delays may result for vehicles on the side streets. If delays are too long, drivers 21 may not be willing to obey the traffic rules. Therefore, SFY is not the ideal signal timing plan 22 for practical evacuation. This paper proposes the dynamic flashing yellow (DFY) signal timing 23 plan, which is a variant of the SFY signal plan and compares it to the PM peak and SFY signal 24 plan. Assumption 1 is valid since this plan is implemented with only one corridor. Assumption 2 is 7 needed to reduce lost time through a reduction in signal phases. Assumption 3 is essential since 8 lack of knowledge of the operation of flashing red and flashing yellow can be inimical to the 9 success of the DFY signal plan. It is necessary that motorists are educated about this operation. 10
Introduction to Dynamic Flashing Yellow Plan
The proposed DFY signal timing plan consists of two phases in its operation, shown as Figure  11 1(a). In Phase 1 (flashing yellow/flashing red, short as FY/FR) the traffic signals on the main 12 street flash yellow whereas the side street signals flash red. In Phase 2 (green/red, short as G/R), 13 the main street signal will stay in red and the side street signal will turn green. The goal of using 14 green/red phase is to quickly clear waiting vehicles on the side streets. This is necessary 15 especially for side streets with significant traffic demand. Even though the side streets have 16 flashing red which allows vehicles to move within gaps in the main street traffic, vehicles on the 17 side street might not be able to find enough gaps to pass the intersection due to high evacuation 18 demand. When side street traffic is very light, we can skip green/red phase and keep flashing 19 yellow on main street and flashing red on side street. FY/FR was not used in Phase 2 because 20 drivers on main streets might be panic during evacuation, and they might not be used to stopping 21 and waiting for gaps in side street traffic. Therefore, the use of the G/R in Phase 2 instead of 22 FY/FR eliminates this ambiguity. 23 24
The duration of each phase is determined based on three different DFY strategies: fixed DFY, 25 actuated DFY and actuated-coordinated DFY, which will be presented later in this section. The 26 different settings of DFY plan are tested on a real network in Buffalo, NY through the micro-27 simulation tool VISSIM. 28 29
To ensure safety, it is very essential to add yellow and all red as transition period for DFY plans, 30
shown as Figure 1 (b). In this paper, we set yellow time as 4 seconds, all red as 2 seconds, and 31 assume the lost time is 6 seconds in each phase switch. 32
Potential Capacity of Through Traffic at Side Streets for Flashing Red
Since a junction with flashing yellow can be treated as a two-way stop controlled intersection 1 (TWSC), the Highway Capacity Manual (HCM) 2010gives an exponential function which is 2 used to compute the potential capacity of each turn at a TWSC [15] . The exponential function is 3
given as: 4
(1) 5
Where 6 = potential capacity of side movement (veh/hr) 7 = conflicting flow rate for side movement (veh/hr) 8 = critical gap (i.e the minimum time that allows intersection entry for one side stream 9 vehicle) for side movement (s), and 10 = follow up time (i.e. the time between the departure of one vehicle from the side street 11 and the departure of the next under a continuous queue condition) for side movement (s). 12 13
Considering the potential capacity of side streets for a one-lane four-leg intersection controlled 14 by flashing yellow, the following parameters are applied: =6.5 sec, and =4 sec. A plot of this 15 exponential function shows that when the main street demand or conflict flow is very high 16 (approximately greater than 1600), the potential capacity of through traffic at the side streets is 17 almost zero [16] . This limitation can be overcome by the green/red phase introduced in DFY. 18 We first introduce fixed DFY, in which the phase splits are pre-defined and constant through the 3 simulation. A model is proposed to decide the green split for side streets under DFY. The green 4 split can be determined through the following equations. 5
where the notations are explained as follows: 7 is the capacity of side street when flashing red(veh/sec). 8 is the arrival rate of the side street(veh/sec). 9 is a weighting factor for side street traffic.
10
C is the cycle length (seconds) 11 is the green split on side street(seconds). 12 is the saturation flow rate of side street (veh/sec). 13 represents the total number of vehicles on the side street that can be served in a cycle. The 14 weighting factor is used to determine the proportion of side street traffic that can be served in a 15 cycle. It gives an indication of the level of priority that is given to the side street. If is equal to 16 1, the full demand (deterministic) of side street traffic is being served. If is equal to 0, the fixed 17 DFY is equivalent to SFY, which does not provide any green split for side streets. It's worth 18 mentioning that can be set larger than 1 in order to accommodate the stochastic nature of 19 arrivals. In this paper, is set to 1 for fixed DFY. The first term on the right side of Equation 20
(2), ), estimates the number of side street vehicles that can be served during FY/FR 21 phase. The second term, , calculates the number of side street vehicles that can be served 22 when the side street is given the green signal. Therefore, the side street green split can be 23 derived in Equation (3) below: 24
The following conditions are used for setting the green time on the side streets: 26 i. If <0, then the intersection should be set as SFY. 27
ii.
(lower bound of green), should be used. 28
iii. > (lower bound of green), should be used as obtained. > (upper bound of green), should be applied. 30
In this paper and are set to 10 seconds and 60 seconds, respectively.
Dynamic Flashing Yellow with Actuations (DFY-A)
Traditional actuated signal control utilizes traffic detectors to observe real-time traffic arrivals to 1 adjust the phase durations (timing) between pre-specified minimum and maximum phase time 2
[17]. As opposed to traditional actuated signal controls, DFY-A, however, does not rely on 3 vehicle detection for signal actuations since the detected vehicle may stop and pass the 4 intersection given sufficient gap on the main approach. Unlike DFY-F which uses pre-defined 5 splits constant throughout the simulation, DFY-A operates based on side street occupancy time 6
(or detection delay time), which is defined as the time in seconds since the last time the detector 7 is occupied. Therefore, the proposed DFY-A leverage the side street detector's occupancy time 8
to recognize signal actuations, and decide whether to stop flashing yellow on the main street. 9
This means that FY/FR phase is terminated only if the FY/FR phase has reached its green time 10 split and a vehicle has waited on the side street for more than the predefined occupancy time. It 11 will be reset to zero if there is no longer any vehicle detected. In view of these advantages, the DFY should take into account coordination to measure 29 improvements in the number of evacuated vehicles and the reduction in the average delay.  Splits: The phase splits assigned to each phase are determined based on Equations (1), (2) 3 and (3). Equation (3) gives the side street green time that is used to determine FY/FR 4 splits. 5
 Offsets: In emergency evacuation, we assume the traffic is oversaturated on the main 6 street and FY will often allow vehicles to fill the main street between two adjacent 7 signals. Therefore, the offset is defined as the time when the discharging shockwave 8 reaches the last vehicle in the queue, shown as Figure 4 . The offset is then determined by 9 the ratio of the distance between the adjacent intersections and the shockwave speed, 10 depicted in Equation (4). In this paper, we set the discharging shockwave speed as 12 11 mph. 12 
Performance Measures
Two major performance measures are used to compare the proposed signal timing plans. These 25 are the total number of vehicles evacuated within an hour and the average network delay. A 26 vehicle is considered to be evacuated only when it reaches the end of South Park Ave which is 27 right after the intersection of South Park Ave and Ridge Road. Other performance measures used 28 are average delay on the main street, average delay on the side streets, and network throughput. 29
Simulation Results and Analysis
Network Throughput 1
The network throughput represents the total number of vehicles in the network that are able to 2 leave the network at the end of the simulation period. As one can see from Table 1 , DFY -A (60 3 seconds cycle) gives the highest network throughput within one hour (7832) whilst SFY gives 4 the lowest network throughput within one hour (6461) as can be seen in Table 1 . The side street 5 traffic demand dominates in the total network traffic demand in the absence of evacuation. DFY-6 A (60 seconds cycle) with its relatively short cycle length allows more vehicles on the side 7 streets to leave the network because side street vehicles do not wait for too long before they are 8
given the green signal to proceed. This thereby increases the entire network throughput. SFY has 9 the lowest network throughput because vehicles on the side street are only given the flashing red 10 which inhibits their ability to leave the network which consequently results in a lower network 11 throughput. With the exception of DFY-AC (60 seconds cycle), all the DFY plans give a higher 12 network throughput than the SFY, PME and PPED plans. DFY-AC (60 seconds cycle) gives a 13 lower network throughput as compared to the other DFY plans because of its relatively high 14 number of evacuated vehicles. In most of the plans, higher network throughput comes with a 15 relatively lower number of evacuated vehicles. The network throughput for the major emergency 16 signal timing plans is presented in Figure 4 (a). 17 Table 1 shows that SFY yields the highest number of evacuated vehicles (1922) within one hour. 18
Number of Evacuated Vehicles
It is intuitive since the main street flashes yellow and the side streets flash red for the entire 19 evacuation duration. This gives the highest priority to the main street traffic and it is the best 20 signal timing plan if evacuating a high number of vehicles is the only objective. 21
The DFY-AC (120 seconds cycle) is the second best plan in this performance measure with 1811 22 evacuated vehicles within one hour. This is mainly due to the fact that the main street signals will 23 keep on flashing yellow until the condition for terminating them is met. The number of vehicles 24 evacuated by this plan is the peak number of evacuated vehicles for the DFY plans. In addition, 25 it is observed that longer cycle lengths do not always guarantee higher number of evacuated 26
vehicles. This is because as intersection cycle length is increased, longer queues are formed at 27 the intersection approaches. In discharging these longer queues, there is an increase in average 28 discharge headways or reduction in saturation flow rates. This reduction in actual saturation flow 29 rate reduces vehicle throughput and thus makes longer cycle lengths ineffective [22] . 30 106.12 *The cycle is not implemented in DFY-A. It is only used to calculates DFY-A parameters (e.g., maximal FY time on main street, maximal green time on side street), according to Equation (3) PME gives the lowest number of evacuated vehicles (989). This is reasonable since this plan 1 represents the situation where the existing time-of-day signal timing plan is not changed in the 2 event of an emergency evacuation. The number of evacuated vehicles for the major emergency 3 signal timing plans is presented in Figure 4 (b). 4
Average Delay
Average Network Delay
DFY-F (60 seconds cycle) gives the lowest average network delay of 219.15 seconds as can be 5 seen in Table 1 . This is due to the fact that vehicles on all approaches do not wait for a long time 6 before they are given the green light or the flashing yellow. Since a majority of the network's 7 delay during an emergency evacuation is experienced by side street vehicles, reducing delay for 8 side street vehicles is the key to reduce the average network delay. It can be realized from Table  9 1 that shorter cycle lengths in all the emergency signal timing plans result in lower average 10 network delay. 11
The PPED plan which is similar to the 240 seconds cycle plan used by [1] generates the highest 12 average network delay. This is due to the fact that a majority of the cycle time is allocated to 13 vehicles on the main street, whereas little green is given to vehicles on the side streets. Vehicles 14 on the side streets wait for a long time before they are given the opportunity to move 15 unrestricted. SFY also has average network delay of 421.75 seconds which is higher than the 16 average network delay of all the DFY plans. This is due to similar reasons as the PPED plans 17 average network delay. 18
Comparing Figure 4 (b) and 4(c), it can be seen that all the DFY plans achieve much less average 19 delay than SFY (as much as 40%), with similar number of evacuated vehicles. Therefore, DFY 20 plans provide more equity for side street traffic and solve the excessively long delay during 21 emergency evacuation. 22
Average Delay on the Main Street
SFY gives the lowest average delay (276.27 seconds) to vehicles on the main street as can be 23 seen from Table 1 , which seems very reasonable. PPED plan produces the highest average delay 24 on the main street of 1185.70 seconds. This is mainly due to the effect of long cycle length that 25 results in an increased delay at intersections. 26
Benefiting from signal actuations, the DFY-AC (120 seconds cycle) and the DFY-A (120 27 seconds cycle) have relatively low average delay on the main street of 397.47 seconds and 28 417.17 seconds, respectively, shown as Figure 4 (d). Benefiting from actuations and coordination, 29 the DFY-AC plan outperforms all the other DFY plans and the PM-Peak plans. 30
Average Delay on Side Streets
It can be seen from Table 1 that SFY yields an average side streets delay of 542.81 seconds  1 which is approximately more than five times the average side street delay in the other emergency 2 evacuation plans. 3
On the contrary, the PME plan gives the lowest side street delay of 25.63 seconds due to its low 4 cycle length for the various signalized intersections. Shorter cycle lengths imply that side street 5 traffic experiences the green light more frequently, and this consequently reduces the average 6 side street delay. DFY-AC (60 seconds) and DFY-F (60 seconds) also have relatively low 7 average delay of 65.31s and 30.42s respectively with the similar reason, shown as Figure 4 (e). 8 9 10  11 Tables 2 summarizes the average delay at each intersection for the emergency evacuation signal 12 timing plans respectively. It can be seen from Table 2 that the PPED plan and the SFY plan give 13 higher delay at most of the intersections than the DFY plans. For instance, at the Ridge Rd 14 intersection, which is the busiest intersection along the evacuation corridor, SFY produces an 15 average delay of 227.9 seconds which is approximately 5~10 times more than the delay caused 16 by the DFY plans. 17
Average Intersection Delay
Selection of Best Emergency Signal Plan
The objectives of this paper should be considered when selecting the best emergency signal 18 timing plan. When considering both the number of evacuated vehicles (in a limited time period) 19 and average delay, we need to compromise between these objectives and search for the best 20 (non-dominated) solutions, which are located on Pareto frontier [23] . 21 22
In order to assist in decision making on plan selection, Figure 5 is created to compare all the 23 signal timing plans, with regard to both average network delay (PM1) and the inverse of the 24 number of evacuated vehicles (PM2). 25 To make it consistent with PM1, we take the inverse transformation of the number of evacuated 3 vehicles to change the objective from maximization to minimization. The dominant and non-4 dominant points are displayed in Figure 5 as blue dots and red diamonds, respectively. The non-5 dominant points represent feasible choices, and smaller values are preferred to larger ones. Any 6 blue dot in the plot is not a good choice because it is dominated by both other non-dominated 7 points along the Pareto frontier. In the context of this paper, for any dominated plan, a non-8 dominated plan can always be found with larger throughput or less delay. Points A and B are not 9 strictly dominated by any other, and hence do lie on the frontier. As it can be seen on Figure 5 , 10 four signal timing plans that are located on Pareto frontier include SFY, DFY-AC (120 seconds 11 cycle), DFY-A (60 seconds cycle), and DFY-F (60 seconds cycle). It can be inferred from Figure  12 5 that SFY has a high average network delay (PM1) but the highest throughput (lowest PM2). 13
Below the SFY point is the DFY-AC (120 seconds cycle) which has a much lower average 14 network delay and a good number of evacuated vehicles. It is then followed by the DFY-AC-(60 15 seconds cycle) which also gives a good compromise between the number of evacuated vehicles 16 and average network delay. At lower end of the boundary is the DFY-F (60 seconds cycle) which 17 produces the lowest average network delay and a relatively good number of evacuated vehicles. Among all three types of DFY plans, it is realized that the DFY-AC plans mostly outperform the 18 (DFY-A) and the (DFY-F) plans in terms of average network delay and number of evacuated 19 vehicles. 20 Furthermore, it is observed that longer cycle length of DFY plans does not always guarantee 21 higher number of evacuated vehicles and lower side street delays. This is evident in the results 22 for emergency evacuation plans in which 240 seconds cycle lengths yield lower number of 23 evacuated vehicles than the 120 seconds cycle lengths. 24
Future Research
Future research will examine how emergency evacuations can be improved through the use of an 25 adaptive dynamic flashing yellow signal timing plan. This plan is expected to adjust the cycle 26 length, and splits for flashing yellow/flashing red and green/red phases to accommodate dynamic 27 traffic patterns. 28 29
Additionally, the dynamic flashing yellow plan can be tested in the presence of Connected 30
Vehicle technology [24] , commonly referred to as Vehicle-to-Vehicle (V2V), Vehicle-to-31 Infrastructure (V2I), or more generally V2X communications. Moreover, multi-modal traffic 1 evacuation can also be taken into account for signal optimization [25, 26] . 2 3
Moreover, peoples' driving behavior when they encounter a flashing yellow or flashing red 4 signal has not been fully investigated. Future research can leverage a driving simulator to study 5 peoples' driving behavior in the presence of dynamic flashing yellow. However, one drawback 6 of the driving simulator study is that participants may not feel the real life panic that is associated 7 with emergency evacuations. Therefore, it is essential to perform the field pilot test of dynamic 8 flashing yellow signal timing plans in the near future. 9 10 Acknowledgements 11
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